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(54) Optical system employing terahertz radiation

(57) Optical system architectures with improved

spatial resolution are provided in which the radiation

useful for THz spectroscopy and other investigative pro-

cedures can be directionally coupled, in a highly efficient

manner, into and out of photoconductive structures

such, for example, as dipole antennas. An optical sys-

tem constructed in accordance with an illustrative em-

bodiment of the present invention comprises a source

for emitting radiation in a range of frequencies within

from 100 GHz to 20 THz, a coupling lens structure for

coupling radiation emitted by said source into free

space, at least one collimating optical element for colli-

mating received coupled radiation into a beam having a

substantially frequency independent diameter and sub-

stantially no wavefront curvature, and a detector for de-

tecting the beam collimated by the at least one collimat-

ing optical element. In an optical system constructed in

accordance with another embodiment of the present in-

vention, a modified substrate lens structure is used and

the collimating optical element is replaced by at least

one optical element that focuses received coupled radi-

ation onto a diffraction limited focal spot on or within the

medium under investigation.
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Description

Field of The Invention

The present invention relates generally to systems

and methods of investigating various media or objects

using reflected or transmitted radiation in the terahertz

or far-infrared region of the spectrum and, more partic-

ularly, to arrangements for guiding and focusing the ra-

diation in such systems.

Background of the Invention

The terahertz, or far-infrared region of the electro-

magnetic spectrum has some unique features. For ex-

ample, THz waves easily penetrate most nonmetallic

objects like paper, cardboard, plastics, and moderate

thickness of many dielectrics, yet are absorbed by polar

materials and liquids. Carriers in semiconductors show
strong dielectric response in this region, while metals

are completely opaque to THz radiation. Polar gases

such as water vapor, ammonia, HCI etc. have strong

and very characteristic absorption lines in this region of

the spectrum. Consequently, the THz spectral range is

becoming increasingly important for applications such

as remote sensing of gases, quality control of plastic and
composite materials, package inspection, and moisture

analysis. These features can also be used for imaging

in the THz frequency range [Nuss, IEEE Circuits and

Devices, March 1996]. In addition, the terahertz fre-

quency range has also been of considerable interest in

spectroscopy. For example, the electronic properties of

semiconductors and metals are greatly influenced by

bound states (e.g., excitons and Cooper pairs) whose
energies are resonant with THz photons.

The THz regime also coincides with the rates of in-

elastic processes in solids, such as tunneling and quasi-

particle scattering. As yet another example, confine-

ment energies in artificially synthesized nanostructures,

like quantum wells, lie in the THz regime.

Despite its potential, the use of THz electromagnet-

ic signals for spectroscopy and imaging has been hin-

dered by a lack of suitable tools. For example, swept-

frequency synthesizers for millimeter- and submillime-

ter-waves are limited to below roughly 100 GHz, with

higher frequencies being heretofore available only

through the use of discrete frequency sources. Fourier

transform infrared spectroscopy (FTIR), on the other

hand, remains hampered by the lack of brightness of

incoherent sources. Additionally, FTIR methods are not

useful if the real and imaginary part of response func-

tions must be measured at each frequency. Finally, real-

time imaging using the THz range of the electro-mag-

netic range has not been possible so far due to the poor

sensitivity of detectors in this frequency range

In EP-A-0727671 a new spectroscopic imaging

technique which overcomes the aforementioned defi-

ciencies was disclosed, which application is expressly

incorporated herein by reference in its entirety. This Te-

rahertz (T-fay 1

') technique is based on electromagnetic
'

transients generated opto-electronically with the help of

ultrashort laser pulses (i.e., on the order of several fem-

s toseconds (fs) or shorter). These THz transients are sin-

gle-cycle bursts of electromagnetic radiation of typically

less than 1 picosecond (ps) duration. Their spectral den-

sity typically spans the range from below 100 GHz to

more than 5 THz. Optically gated detection allows direct

10 measurement of the terahertz electric field with a time

resolution of a fraction of a picosecond [Smith et al.,

IEEE J. Quantum Electr, vol 24, 255-260, 1988]. From

this measurement, both the real and imaginary part of

the dielectric function of a medium, which medium may
is be a solid, liquid, or gaseous composition, may be ex-

tracted in a rapid, straight-forward manner. Further-

more, the brightness of the THz transients exceeds that

of conventional thermal sources, and the gated detec-

tion is several orders of magnitude more sensitive than

20 bolometric detection.

Beyond the characterization of new materials and

the study of basic physical phenomena, there is a grow-

ing appreciation for the many potential commercial ap-

plications in which terahertz spectroscopy and imaging

25 might be exploited [Nuss, IEEE Circuits and Devices,

March 1996, pp. 25-30]. Promising applications include

industrial quality and process control, package inspec-

tion, moisture analysis, contamination measurements,

chemical analysis, wafer characterization, remote sens-

30 jng, and environmental sensing. A key ingredient to suc-

cessful exploitation of any of the aforementioned appli-

cations, however, is an optical system which can be ef-

ficiently and reliably operated to implement terahertz

spectroscopic techniques. In particular, for the above
35 applications, the inventor herein has identified a need

for optical arrangements that can first collimate THz sig-

nals to a parallel, diffraction-limited beam, and second,

focus these terahertz beams to a diffraction limited spot

for the best spatial resolution possible. Unlike in optical

40 systems designed for visible light, the wavelength of the

THz electromagnetic signals is not negligible compared

to the size of the optical elements used, and diffraction

effects can dominate ray-propagation, thus complicat-

ing the design of optical systems. Furthermore, THz op-

45 tical beam systems need to perform over the large range

of frequencies from below 100 GHz to more than 5 THz
covered by the THz signals. This invention overcomes

the limitations of the optical systems used in the prior

art [Van Exteretal., IEEE Trans. Microw. Theor. Techn.,

50 voL 38, 1684-1691, 1990], such as the inability to gen-

erate a parallel, diffraction-limited beam that can be

propagated over larger distances with frequency-inde-

pendent beam diameter, the inability to obtain parallel

beams without wavef ront curvature [Cheville et al., Appl.

55 Phys. Lett., vol 67, 1960-1962 (1995)], the loss of light

due to total internal reflection at the substrate tenses

[Jepsen & Keiding, Opt. Lett, vol 20, 807-809, 1995],

and the inability to focus broadband THz radiation to a

BNSDOCID: <EP 08281 43A2_I_>
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. diffract ion-linn ited spot.

Summary of the Invention

Optical systems lens arrangements and methods s

according to the invention are set out in the independent

claims.

In an optical system the source may include a dipole

emitter formed on a first surface of a substrate and the

coupling lens structure may include a substrate lens 10

formed on a second surface of said substrate, the sub-

strate lens having an optical axis through its center

which intersects said dipole emitter. The substrate lens

may have a hyper-hemispherical shape and the center

of said substrate lens and the first surface of said sub- J5

strate may be separated by a distance not greater than

the substrate lens radius divided by the refractive index

of the lens. The substrate lens may be aplanatic. The

substrate lens may be hemispherical. The substrate

lens may have a hyper-hemispherical shape and the 20

center of said substrate lens and the first surface of said

substrate may be separated by a distance such that sub-

stantially all rays emitted within the dipole radiation cone

of the dipole source have an angle of incidence at the

lens to free space interface below the critical angle for 25

total internal reflection. The detector may include a di-

pole receiver or an electro-optic receiver. The detector

may further include a second coupling lens structure;

and an optical element for concentrating said collimated

radiatin or said radiation focused onto the diffraction lim- 30

ited spot onto said second coupling lens structure, said

second coupling lens structure being operable to couple

the concentrated radiation from free space onto the re-

ceiver.

According to the present invention, an optical sys- 35

tern with improved throughput, optical beam properties

and spatial resolution is provided in which the radiation

useful for terahertz spectroscopy, terahertz ("T-ray") im-

aging, and other investigative procedures can be direc-

tionally coupled, in a highly efficient manner into and 40

out of THz transceivers such, for example, as photocon-

ductive dipole antennas [Smith et aL IEEE J. Quantum

Electr... vol 24, 255-260,1988). An optical system con-

structed in accordance with an illustrative embodiment

of the present invention comprises a source for emitting 45

radiation in a range of frequencies within from 100 GHz
to 20 THz, a coupling lens structure for coupling radia-

tion emitted by said source into free space, the wave-

length of the coupled radiation being greater than

1/100th of the beam diameter at an exit pupil of thecou- so

pling lens structure, at least one collimating optical ele-

ment for collimating received coupled radiation into a

beam having a substantially frequency independent di-

ameter and substantially no wavefront curvature, and a

detector for detecting the beam collimated by the at least ss

one collimating optical element.

An optical system constructed in accordance with

another embodiment of the present invention includes

a source for emitting radiation in a range of frequencies

within from 100 GHz to 20 THz, a first coupling lens

structure for coupling radiation emitted by said source

into free space, at least one optical element for focusing

received coupled radiation onto a diffraction limited focal

spot, and a detector for detecting the radiation focused

by said at least one optical focusing element.

Brief Description of the Drawings

The features and benefits of the invention will be

better understood from a consideration of the detailed

description which follows taken in conjunction with the

accompanying drawings, in which:

FIG. 1 depicts an arrangement of optical elements,

in accordance with an illustrative embodiment of the

present invention, as used in an imaging system

employing THz radiation focused to a diffraction-

limited spot;

FIG. 2 is a perspective view of a photoconducting

dipole antenna detector structure that may be em-

ployed in the embodiment of FIG. 1, the antenna

structure shown being similar in construction to the

transmitter:

FIG. 3A depicts a conventional substrate lens struc-

ture typically employed by the prior art in conjunc-

tion with dipole antenna structures such as the one

shown in FIG. 2;

FIG. 3B shows one substrate lens configuration

which may be employed in optical arrangements

constructed in accordance with the present inven-

tion;

FIG. 3C shows another substrate lens configuration

which may be employed in optical arrangements

constructed in accordance with the present inven-

tion:

FIG. 4A depicts an illustrative optical arrangement

constructed in accordance with the present inven-

tion and operable to collimate direct THz radiation,

coupled into free space by the substrate lens con-

figuration of 3B or 3C, to a parallel and diffraction-

limited beam with substantially frequency inde-

pendent beam diameter that can be propagated

over larger distances with substantially no wave-

front curvature;

FIG. 4B depicts an illustrative optical arrangement

constructed in accordance with the present inven-

tion and operable to direct a collimated beam of THz
radiation at a medium under investigation for sub-

sequent detection of the portion transmitted there-

through;

FIG. 4C illustrates another optical arrangement

constructed in accordance with the present inven-

tion and operable to direct a collimated beam of THz
radiation at a medium under investigation for sub-

sequent detection of the portion reflected thereby;

FIG. 5A depicts yet another optical arrangement

3
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constructed in accordance with the present inven-

tion and operable to focus THz radiation, coupled

into free space by the substrate lens configuration

of 3B or 3C, to a diffraction-limited spot at a medium
under investigation for subsequent detection of the

portion transmitted therethrough; and

FIG. 5B illustrates a further optical arrangement

constructed in accordance with the present inven-

tion and operable to focus THz radiation, coupled

into free space by the substrate lens configuration

of 3B or 3C, to a diffraction-limited spot at a medium
under investigation for subsequent detection of the

portion reflected thereby.

Detailed Description of The Invention

An arrangement 10 of optical elements capable of

focusing terahertz beams to the diffraction limit in ac-

cordance with an illustrative embodiment of the present

invention is shown in FIG. 1. For illustrative purposes,

the arrangement 10 is shown deployed in an imaging

apparatus 12 of the type disclosed in EP-A-0727671

.

It will, however, be readily appreciated by those

skilled in the art that a lens arrangement constructed in

accordance with the present invention has much wider

applicability, with exemplary applications including re-

mote sensing, ranging, and composition analysis.

In any event, and with continued reference to FIG.

1, it will be seen that illustrative imaging apparatus 10

includes a source 1 4 of repetitive optical pulses of fem-

tosecond duration, arrangement 10 by which THz radi-

ation is generated, directed at a medium under investi-

gation such as object 16, and detected upon transmis-

sion through or reflection by the medium, and analysis

circuitry indicated generally at 18. Source 14 may be

configured, for example, as a solid state laser like the

TLSapphire laser, which has a wavelength near 800 nm
and a typical repetition rate of about 100 MHz. Alterna-

tively, source 14 may be configured as a femtosecond

Erbium-Doped Fiber Laser operating at a wavelength

near 1.5 um In the illustrative embodiment depicted in

FIG. 1 ,
arrangement 10 includes an optically gated THz

transmitter 20 and an optically gated THz detector 22.

A beam splitter 24 divides the output of source 14 into

two beams, the pulses of which are used to optically

gate transmitter 20 and detector 22. A variable delay line

26, under the control of computer 27, varies the optical

delay between the respective gating pulses.

In a preferred embodiment
t
transmitter 20 and de-

tector 22 are configured as photoconductive switches

and consist of a semiconductor bridging the gap in a

transmission line structure deposited on the semicon-

ductor substrate surface. The materials used in the fab-

rication of the photoconductive switches is determined

by the operating wavelength of the optical source em-
ployed. Materials suitable for photoconductive switches

to be used in conjunction with femtosecond lasers op-

erating at wavelengths shorter than about 800 nm in-

clude, for example, radiation damaged silicon-on-sap-

phire (RD-SOS), GaAs, and low temperature grown

GaAs (LT-GaAs). By way of additional example, mate-

rials suitable for fabricating photoconductive switches to

s be used with lasers operating at wavelengths around 1 .5

ujti include low temperature grown InGaAs or InGaAs/

InAIAs Quantum Wells [Takahashi et al., Appl. Phy
Lett., Vol. 65 pp. 1790-1792 (1994)].

In the transmitter, a voltage is applied across the

io photoconductor. The current through the switch rises

very rapidly after injection of photocarriers by an optical

pulse, and then decays with a time constant given by

the carrier lifetime of the semiconductor. The transient

photocurrent radiates into free space according to Max-
's well's equations. In the detector, a current to voltage am-

plifier (or ammeter) replaces the voltage bias. The elec-

tric field of an incident THz pulse provides the driving

field for the photocarriers. Current flows through the

switch only when both the THz field and the photocarri-

20 ers are present. Since electronics are not fast enough

to measure the THz transients directly, repetitive photo-

conductive sampling is used. If the photocarrier lifetime,

t, is much shorter than the THz pulse, the photoconduct-

ing switch acts as a sampling gate which samples the

25 THz field within a time t. Because the laser pulses which

trigger the transmitter and gate the detector originate

from the same source, the entire THz transient can be

mapped by using variable optical delay line 26 to move
the photoconductive gate across the THz waveform.

30 in accordance with the embodiment of the present

invention depicted in FIG. 1 , the THz transmitter 20 and

receiver 22 are incorporated into the optical arrange-

ment 10, along with imaging elements that guide the ra-

diation from source to detector and focus the radiation

35 to a diffraction-limited spot on a potentially small sam-

ple. In FIG. 2, there is shown a photoconducting dipole

antenna structure which is employed in the construction

of both the transmitter 20 and the detector 22, with only

the detector configuration being specifically shown. De-
40 tector 22 comprises a dipole antenna 28 comprising a

pair of dipole feed lines 28a and 28b, and optionally, a

pair of dipole arms 29a and 29b, fabricated on a sub-

strate 30 of photoconductive materal which, in the illus-

trative embodiment of FIG. 2, comprises radiation dam-
^5 aged silicon-an-sapphire (RD-SOS). The total dimen-

sion of each of the two dipole arms is typically in the

range of 10-200 microns with an illustrative gap of about

5 microns extending between them. After formation of

the antenna, the silicon layer - which is typically on the

50 order of 0.6 microns thick, is etched away except for a

100 X 100 square micron area beneath the dipole. This

arrangement increases the dark resistance and reduces

the dark current of the antenna, which current can be a

source of noise for the detector

55 in the dark, the photoconductive gap 32 of the di-

pole antenna is highly resistive (about 20 MQ). Injection

of carriers by the laser pulse causes the resistance to

drop below 500 Q. During the photocarrier lifetime, a

BNSDOCID: <EP 0828143A2_I_
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current flows which is proportional to the amplitude of

the received THz field. As discussed above, the current

is converted to a voltage by a current amplifier 34 con-

nected across the feed lines of the antenna. A substrate

lens 36 couples the incident THz radiation from free

space into the dipole antenna.

Substrate lens 36 is an important element of both

transmitter and receiver dipole antennas employed in

the optical arrangement 10 of the present invention.

Without this lens, the coupling into free space would be

limited by the excitation of slab modes between the sub-

strate surfaces. Also, the substrate lens increases the

collimation of the emitted electromagnetic radiation. Ad-

ditionally, the lens serves to magnify the dipole antenna

and thus increase its efficiency. Preferably, the dielectric

constant of the substrate lens as lens 36 matches that

of the underlying substrate 30 in order to'minimize re-

flections at the substrate/lens interface. In the case of

GaAs, sapphire, and silicon substrates, high resistivity

silicon lenses are especially preferred because of their

low THz absorption, frequency independent refractive

index, cubic crystal structure, and ease of cutting and

polishing.

Three possible substrate lens configurations are

depicted in FIGS. 3A-3C, respectively. The dipole (not

shown) is conventionally located on a first surface 31a

of the substrate 30', while the substrate lens 36* is at-

tached to the second surface 31 b of the substrate. The

size of the lenses may be on the order of between 2 and

10 mm in diameter. In the conventional design used in

the prior art (FIG. 3A), the dipole source is located at

the focal point foi the lens and all rays exit the lens at

normal incidence to the substrate. See, for example, van

Exter & Grischkowsky, IEEE Microw. Theor. Techn., vol

38, 1684-1691, (1990). In this design, the lens is cut off

at a distance h, from the tip Tof the lens, given by:

where r is the radius of the spherical substrate lens, r?
1

is the index of the lens, n2 is the index of the substrate,

and d is the thickness of the substrate.

Because of the small exit pupil pof the beam at the

substrate lens-air interface, diffraction effects destroy

collimation of the THz beam, resulting in a beam that

cannot be propagated over larger distances without sig-

nificant spreading and wavefront curvature, and certain-

ly cannot be collimated into a parallel, diffraction limited

beam as assumed in the prior art. The inventors herein

have recognized, however, that because the source of

radiation is a nearly ideal point source, a different sub-

strate configuration can be used to achieve a parallel,

diffraction-limited beam with frequency-dependent

beam diameter and without wavefront curvature, which

w

15

20

25

30

35

40

45

55

can also be focused to a diffraction-limited spot size. In

addition, the inventors have realized that in the lens con-

figuration of Fig. 3A, the cone angle over which radiation

is emitted is disadvantageously limited to the angle for

total internal reflection at the lens to free-space inter-

face. For the lens configuration of Fig. 3A, the maximum

cone angle is given by:

sine :

n-

1

2
n -2n

where 6 is the half cone angle and n is the refractive

index of the substrate lens. Illustratively, for a silicon lens

having a refractive index of 3.42, the half cone angle is

about 30°. Since the cone angle emitted from a photo-

conductive dipole is typically larger than the angle de-

rived above (e.g., 45°), a significant fraction of the light

emitted from the dipole will be lost due to total internal

reflection.

A substrate lens configuration in accordance with

the present invention, which may be used to provide

substantially parallel beams with substantially frequen-

cy-independent diameter and improved spatial resolu-

tion in a manner to be described later, is the hemispher-

ical design as shown in Fig. 3B. No refract ion*occurs at

the substrate lens-air interface, so that there is nocritical

angle for total internal reflection, and consequently, no

diffraction effects occur at the exit pupil of the lens. The

design specification for the hemispherical lens is such

that the center Cof the lens 36" is located at the dipole

antenna (not shown). To accommodate the thickness of

the substrate, the lens is cut off at a distance Mrom the

tip T of the lens given by

h= r-—d.

An especially preferred substrate lens configuration

in accordance with the present invention has an apla-

natic, hyperhemispherical shape and is shown in FIG.

3C. The substrate lens configuration of FIG. 3C may, for

example, be employed in combination with an arrange-

ment of lenses and/or mirrors to focus the THz beam

down to a diffraction limited spot comparable to the

wavelength dimension (e.g.. -on the order of 300 mi-

crons). Like the hemispherical design, it has no spheri-

cal aberrations or coma, and when using silicon as a

lens material no chromatic dispersion. The lens is cut

off at a distance Mrom the tip T of the lens given by

1 +—
n

-d
i J

5
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where ris the radius of the lens, and n-, and n2 are the

effective refractive indices of the lens 36'" and substrate

30"\ respectively. In contrast to the hemispherical de-

sign of Fig. 3B, the aplanatic, hyperhemispherical con-

figuration of FIG. 3C provides slight collimation of the 5

beam, which allows the remaining optical system to be

designed with higher f-number optics. In the configura-

tion of FIG. 3C, the critical cone angle for total internal

reflection at the lens to free-space interface is large

enough to couple substantially all THz radiation emitted 10

by the photoconductive dipole antenna into free space.

Various implementations of the aforementioned

hemispherical and hyperhemispherical lens configura-

tions which illustrate their utility will now be described in

detail with particular reference to various arrangements '5

of optical elements employed in combination therewith.

FIGS- 4A-5B depict various arrangements which may
be used in combination with the novel substrate lens

configurations of FIGS. 3B and 3C. It should be under-

stood that the various arrangements are by way of illus- 20

tration only and that either substrate lens configuration

may be used in any of the illustrated optical arrange-

ments. In accordance with the present invention, for ex-

ample, paraboloidal mirrors (or lenses ) are used to col-

limate the transmitted THz radiation to a substantially 25

parallel beam with a beam diameter that does not sig-

nificantly depend on wavelength or frequency in the

range of interest (i.e.
;

1 00 GHz to 5 THz). Focusing mir-

rors or lenses are used to focus the thus collimated par-

allel beam to a diffraction limited spot in the center of 30

the optical system. A symmetrical arrangement of lens-

es and mirrors is used to collect the THz radiation effi-

ciently onto the detector.

FIG. 4A depicts an illustrative optical arrangement

constructed in accordance with the present invention 35

which utilizes the aplanatic hemispherical substrate lens

configuration of FIG. 3B or the aplanatic hyperhemi-

spherical substrate lens configuration of FIG. 3C to gen-

erate a collimated beam of THz radiation. According to

the invention, the beam B is collimated by at least one 40

optical element -- illustratively a single lens 41 ~ to a

parallel and diffraction-limited beam having a substan-

tially frequency independent beam diameter that can be

propagated over larger distances with substantially no

wavefront curvature. In that regard, it should be noted J$

that a collimated beam with no wavefront curvature and

a completely frequency dependent beam diameter can

only be achieved with the aplanatic hemispherical ar-

rangement of FIG. 3B. With the arrangement of FIG. 3C,

on the other hand, a beam that is substantially free of so

wavefront curvature and that has a substantially fre-

quency independent diameter can only be achieved

Since the numerical aperture of the optical elements re-

quired for collimating and/or focusing the THz beams
needs to be much larger for the configuration of FIG. 3B 55

it will generally be more practical to employ the aplanatic

hyperhemispherical configuration.

In FIG. 4B, there is shown an illustrative embodi-

143 A2

ment of an optical arrangement 10' constructed in ac-

cordance with the present invention which utilizes the

aplanatic hemispherical substrate lens configuration of

FIG. 3B or the aplanatic hyperhemisphericaj substrate

lens configuration of FIG. 3C to generate a collimated

beam of THz radiation and detect that portion of the

beam that has been transmitted through a medium un-

der investigation, indicated generally as reference nu-

meral M. In the arrangement depicted in FIG. 4B, off-

axis paraboloid mirrors 40, 42 are used to collimate the

THz radiation received from transmitter 20 and focus the

same on receiver 22.

Illustratively, the full emission or cone angle of the

THz radiation emerging from the hyperhemispherical

substrate lens is about 30 degrees. Using off-axis pa-

raboloids with a focal length of 6.6 cm, the far-infrared

radiation can be collimated to a parallel, diffraction lim-

ited beam of roughly 25 mm in diameter. Such a colli-

mated beam, with a substantially frequency independ-

ent beam diameter, is especially useful for spectral anal-

ysis of objects or media which are inhomogeneous

across the diameter of the beam. This configuration also

enables the collimated beam to be propagated over

large distances (at least several meters) without loss of

radiation due to diffraction. In contrast, with prior art con-

figurations using the substrate lens configuration of FIG.

3A, the optimum coupling efficiency is only obtained

when the spacing between paraboloids 40 and 42 is

twice their focal length. In the above example, the mirror

spacing would be 13.2 cm. An additional disadvantage

of the prior art configuration is that the THz beam can

not be propagated without wavefront curvature. See, for

example, Cheville & Grischkowsky, Appl. Physics Lett.,

vol 67, 1 960-1 962 (1 990). Having beams without wave-

front curvature is important for timing analysis of trans-

mitted or reflected THz waves such as, for example, in

ranging and time domain reflectometry.

It should be noted that although paraboloid mirrors

are somewhat difficult to align, they offer high reflectivity

and achromatic operation over the entire THz range. As

an alternative, fused quartz lenses may be used at fre-

quencies below 1 THz, and silicon lenses up to 10 THz.

It should be further noted, however, that optical align-

ment of fused quartz lenses using visible laser beams
is not practicable since the refractive index is very dif-

ferent at visible and THz frequencies. Another useful

lens material is TPX (poly-4-methylpentene- 1). a poly-

mer which has low absorption and dispersion through-

out the THz range but which is somewhat difficult to

polish because of its softness.

FIG. 4C depicts an arrangement of optical elements

in accordance with another illustrative embodiment of

the present invention adapted for detection of THz radi-

ation following reflection off the medium M under inves-

tigation. In FIG. 4C, focusing lens 44' colltmates the

beam leaving the transmitter 20 into a beam having sub-

stantially no wavefront curvature and a substantially fre-

quency-independent beam diameter in the collimated
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region. The reflected portion of the beam is coupled into

detector 22 by a second focusing lens 46'. Although a

reflective arrangement is shown in FIG. 4C, it will be

readily appreciated that the configuration depicted can

also be configured for transmissive analysis by appro-

priate arrangement of the respective elements.

In the arrangement of FIG. 5A, the emitted THz

beam emerges from the substrate lens of the transmitter

20 and is collimated by a paraboloid mirror 44" into a

beam having substantially no wavefront curvature and

a substantially frequency independent beam diameter.

As shown in FIG. 5A, the beam may be further focused

down to a diffraction limited spot of less than 1 mm di-

ameter at a peak frequency of 1 THz by inserting a fo-

cusing lens 48 or, alternatively, another off-axis parab-

oloid (not shown). A similar arrangement of optica! ele-

ments including, for example, a lens 50 and paraboloid

mirror 46 is employed to collect the transmitted, fo-

cussed radation and focus it onto the receiver 22. This

configuration provides a diffraction limited focal spot S

at the medium under investigation (not shown), which

results in the smallest possible focal point. The ability to

focus down to a spot of such small size may be advan-

tageously employed, for example, in high-resolution im-

aging applications (See Nuss, IEEE Circuits and Devic-

es, March 1996, pp. 25-30) or to investigate articles of

small size. In broadband THz imaging, the diffraction

limited spot size is inversely proportional to the wave-

length of the radiation. Hence
:
higher spatial resolution

may be obtained by selectively processing the high fre-

quency content of the THz pulses.

Turning to FIG. 5B, there is shown yet another ar-

rangement employing an arrangement of optical ele-

ments between transmitter 20 and detector 22. The

emitted THz beam emerging from the substrate lens of

the transmitter 20 is received and focussed to a diffrac-

tion limited spot on or within an object or medium M by

at least one optical element, such as lens 48'. The radi-

ation reflected from the medium or object is, in turn, col-

lected and focussed on the receiver 22 by a second op-

tical element, such as lens 50'. Again, it should be noted

that any number of optical elements may be employed

as necessary to collimate and/focus the THz radiation

in a manner suitable for a given application. Moreover,

although a symmetrical arrangement is shown through-

out the several views, it will be readily ascertained by

those skilled in the art that an asymmetrical arrange-

ment of optical elements may also be employed

The embodiments shown are intended to be merely

illustrative of the inventive concepts involved. Various

other embodiments and modifications may be made by

those skilled in the art without departing from the spirit

and scope of the invention.
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1. An optical system, comprising:

a source for emitting radiation in a range of fre-

quencies within from 100 GHz to 20 THz,

a coupling lens structure for coupling radiation

emitted by said source into free space, the

wavelength of the coupled radiation being

greater than 1/1 00th of the beam diameter at

an exit pupil of said coupling lens structure;

at least one collimating optical element for col-

limating received coupled radiation into a beam
having a substantially frequency independent

diameter and substantially no wavefront curva-

ture; and

a detector for detecting the beam collimated by

said at least one collimating optical element.

2. The optical system of claim 1 , wherein said at least

one collimating element is dimensioned and ar-

ranged to direct collimated radiation at a medium

under investigation and wherein the detector is ar-

ranged relative to said at least one collimating ele-

ment to receive collimated radiation transmitted

through or reflected by the medium.

3. An optical system, comprising:

a source for emitting radiation in a raage of fre-

quencies within from 100 GHz to 20 THz,

a first coupling lens structure for coupling radi-

ation emitted by said source into free space;

at least one optical element for focusing re-

ceived coupled radiation onto a diffraction lim-

ited focal spot; and

a detector for detecting the radiation focused

by said at least one optical focusing element. *

4. The optical system of claim 3, wherein said at least

one optical element is operatively arranged to focus

radiation to a diffraction limited spot within a medi-

um under investigation and wherein said detector

is operatively arranged to receive radiation focused

to the diffraction limited spot and transmitted

through or reflected by the medium.

5. A lens arrangement for use in an optical system,

comprising:

a first coupling lens structure for coupling radi-

ation emitted, in a range of frequencies from

1 00 GHz to 20 THz, by a source into free space;

and

at least one collimating optical element for col-

limating received coupled radiation into a beam
having a substantially frequency independent

diameter and substantially no wavefront curva-

ture, the wavelength of the emitted radiation

being greater than 1/1 00th of the beam diame-

ter at an exit pupil of said coupling lens struc-

ture.

7
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The lens arrangement of claim 5, wherein the cou-

pling lens structure includes a substrate lens

formed on a first surface of a substrate.

11. A method of investigating an object with radiation
,

emitted by source over a range of frequencies with-

in from 100 GHz to 20 THz, comprising the steps of:

7. The lens arrangement of claim 5 or claim 6, wherein $

the coupling lens structure is a first coupling lens

structure, further including:

a second coupling lens structure; and
a concentrating optical element for concentrat- io

ing collimated radiation onto said second cou-

pling lens structure, said second coupling lens

structure being operatively arranged to couple

the concentrated radiation from free space onto

a receiver. 75

coupling, with a first coupling lens structure, the

radiation emitted by the emission source into

free space;

focusing received coupled radiation into a dif-

fraction limited focal spot associated with a me-

dium under investigation: and

detecting one of radiation reflected by and

transmitted through the medium during the fo-

cusing step.

8. A lens arrangment for use in an optical system,

comprising:

a first coupling lens structure for coupling radi- 20

ation emitted, in a range of frequencies from

1 00 GHz to 20 THz, by a source into free space:

and

at least one optical element for focusing re-

ceived coupled radiation onto a diffraction lim- 25

ited focal spot.

9. The lens arrangement of claim 8, wherein the cou-

pling lens structure is a first coupling lens structure,

further including: 30

a second coupling lens structure: and
a least one focusing optical element for direct-

ing radiation focused onto the diffraction limited

spot onto said second coupling lens structure, 35

said second coupling lens structure being op-

eratively arranged to couple the directed radi-

ation from free space onto a receiver.

10. A method of investigating an object with radiation 40

emitted by source over a range of frequencies with-

in from 100GHz to 20 THz, comprising the steps of:

coupling, with a first coupling lens structure, the

radiation emitted by the emission source such -*s

that the wavelength of the coupled radiation is

greater than 1/1 00th of the beam diameter at

an exit pupil of the coupling lens structure;

collimating received coupled radiation into a

beam having a substantially frequency inde- so

pendent diameter and substantially no wave-

front curvature:

directing the collimated radiation at a medium
under investigation: and

detecting one of radiation reflected by and ss

transmitted through the medium during the di-

recting step.
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